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Abstract. We have used both experimental and computational methods to show the significant 
impact of the incorporation of a 4d metal, Mo, into the perovskite oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF), which is known as a benchmark electrocatalyst for the anodic reaction of water-splitting. 
We demonstrate the enhanced electrocatalytic properties of the resulting catalytic material, 
Ba0.5Sr0.5Co0.5Mo0.5O3 (BaSrCoMoO6), where the presence of the 4d metal Mo leads to the 
formation of a double perovskite structure, as opposed to the simple perovskite structure of BSCF. 
The consequence of this transformation is the enhancement of the electrocatalytic properties of 
BaSrCoMoO6 over BSCF for both half reactions of water-splitting, i.e., hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER). Furthermore, BaSrCoMoO6 shows 
electrocatalytic activity for HER and OER in bulk form without additives, even carbon black, 
which is commonly added to HER and OER catalysts, including BSCF. Experiments for 
BaSrCoMoO6 with or without carbon black lead to similar overpotentials. Density functional 
theory (DFT) calculations reveal the effect of the structural transformation on the shift of the 
transition metal d bands toward the Fermi level, which correlates with the enhanced 
electrocatalytic activity.  
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1. Introduction 

Among advanced renewable energy technologies, the electrocatalytic water splitting is of 

considerable interest.1 It provides an excellent route for utilization of renewable energy and 

generation of hydrogen. However, the sluggish kinetics of this process needs to be improved by 

catalyzing its two half-reactions, namely hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER). Traditional catalysts, such as Pt and RuO2, facilitate these reactions but contain 

expensive precious metals. Therefore, more economical electrocatalysts, containing non-noble 

metals, are desired. One such class of materials are perovskite oxides,2, 3 which have shown 

excellent promise in electrocatalysis because of the tunability of their properties by varying the 

composition, structural order/disorder, and defects modifications, as well as their stability in 

different conditions. Several perovskite oxides, such as the benchmark catalyst 

Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF),2  have been utilized to catalyze OER with good efficiency. The 

perovskite BSCF has attracted much attention due to its high OER performance in alkaline 

medium,4, 5 which is comparable to that of IrO2.2 Nevertheless, the surface of BSCF is easily 

amorphized during OER cycles.6 In addition, it does not perform well for HER catalysis.7 Studies 

on the application of some other perovskite oxides for HER have been reproted.8-10 However, 

perovskite oxides than can catalyze both OER and HER efficiently are rare. We have recently 

reported a number of such electrocatalysts based on oxide materials.11-13 The present study focuses 

on a perovskite oxide, Ba0.5Sr0.5Co0.5Mo0.5O3 (BaSrCoMoO6). We have previously studied the 

structural and electrical properties of this material.14 In the present work, we combine 

computational and experimental methods to demonstrate the bifunctional electrocatalytic 

properties of BaSrCoMoO6 for both OER and HER.  The activity of this catalyst outperforms that 

of the benchmark oxide catalyst, BSCF.2   
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2. METHODS  
Material Synthesis and Characterization. Both materials were synthesized using the citrate-nitrate sol-
gel method. Ba(NO3)2 (Alfa Aesar, 99.999%), Sr(NO3)2 (Alfa Aesar, 99%), Co(NO3)2.6H2O (Acros 
Organics, 99%), Fe(NO3)3.9H2O (Alfa Aesar, 98.0-101.0%), (NH4)6Mo7O24.4H2O (Alfa Aesar, 99%), and 
citric acid monohydrate (Alfa Aesar, 99.5+ %) were used as precursors. The citrate complexing sol-gel 
method was employed, as previously reported.3 Briefly, metal nitrates with appropriate molar ratios were 
dissolved in deionized water to obtain a transparent red solution. Then, citric acid was added as complexing 
agent to the stirring solution of metal ions. The molar ratio for total metal ions to citric acid was 1:1.1. The 
solution was continuously heated at 95 ⁰C on a hotplate to obtain a gel. The dark red gel of BaSrCoMoO6 

was further heated at 600 ⁰C for 6 hours to yield a solid precursor under an argon atmosphere. The powder 
was then fired at 900 ⁰C and 1000 ⁰C for 6 hours for each step and was finally repelletized and sintered at 
1100 ⁰C for 24 hours under argon. Likewise, the dark red gel of Ba0.5Sr0.5Co0.8Fe0.2O3- δ (BSCF) was obtained 
using the same process and sintering at different temperatures were done in air (6 hours sintering at each 
temperature, 600 ⁰C, 900 ⁰C, 1000 ⁰C, and 1100 ⁰C) to obtain pure phase.  
The heating and cooling rate of the furnace was 100 ⁰C. Powder X-ray diffraction data were obtained at 
room temperature using Cu Kα1 radiation (λ = 1.54056 Å), and were used for Rietveld refinements using 
GSAS software and the EXPGUI interface.15, 16 X-ray photoelectron spectroscopy (XPS) was done at room 
temperature using Al Kα radiation (1486.7 eV). Iodometric titration was employed to determine the oxygen 
content (δ), as described elsewhere.17 100 mL of stock solution was prepared by dissolving 50 mg of the 
sample in 1 M HCl solution (purged with Ar for 30 minutes) containing about 2 g KI under argon. Titration 
of 5 mL stock solution was done with 0.025M Na2S2O3 solution, where 5-10 drops of starch were added 
near the endpoint as an indicator. Titration was performed at least three times under an argon atmosphere 
for repeatability. The δ values for BaSrCoMoO6-δ and BSCF were determined to be ~0 and ~0.4, 
respectively.  
 
Electrode preparation and electrochemical measurement. The catalyst ink was prepared by mixing 35 
mg of the sample, 40 µL Nafion® D-521 solution (Alfa Aesar, 5% w/w in water and 1-propanol), and 
finally 7 mL of THF (Alfa Aesar, 99%). This mixture was sonicated for 3 minutes and stirred for 30 minutes. 
In experiments, where carbon black was sued, 7 mg of carbon black powder (Fuel Cell Store) was added 
before adding THF. The glassy carbon electrode (5 mm diameter, 0.196 cm2 area, HTW Germany) was 
polished with 5 μm and 0.3 μm aluminum oxide polishing solution (Allied Hightech Products Inc.) on a 
polishing cloth, sonicated for 3 minutes in ethanol (Decon Labs, Inc.) and finally washed with DI water 
before use.  Then, the catalyst ink (20 μL) was dropcasted on the surface of the glassy carbon (GC) 
electrode. The catalyst ink-loaded GC electrode was left to dry in the air for at least 24 hours. The use of 
the GC electrode is common in OER and HER experiments. Some studies have highlighted the advantages 
of the GC electrode compared to other types of electrodes.18 Electrochemical tests for HER and OER 
activity were performed in a standard three-electrode cell using a rotating disk electrode (Pine Research 
Instruments). A GC electrode loaded with the catalyst was used as the working electrode. A commercial 
platinum electrode (for OER) or graphite rod (for HER) (Pine Research Instruments) were used as counter 
electrode, and Ag/AgCl (in 3 M NaCl, ALS Co., Ltd, Japan) as reference electrode. The resistance of the 
electrolyte solution (R) during the electrocatalytic experiment was subtracted through iR correction, where 
the resistance values of ~9 – 30 Ω (HER experiments) and ~47 – 55 Ω (OER experiments) were measured 
by potentiostatic electrochemical impedance spectroscopy (PEIS) in the frequency range of 100 kHz to 1 
Hz. Then, the iR corrected potential versus Ag/AgCl electrode (EAg/AgCl) was recorded, which was converted 
to potential versus RHE according to the Nernst equation:  
ERHE =  EAg/AgCl + 0.059 pH + EAg/AgCl

o  
where 𝐸𝑣𝑠 𝐴𝑔/𝐴𝑔𝐶𝑙

0 = 0.21V for 3M NaCl and 0.197V for saturated KCl for OER and HER measurements, 
respectively. A 0.1 M (pH = 13.0) or 1 M solution (pH = 14.0) of KOH (Alfa Aesar, Flake, 85%) was 
prepared in nano pure water (18 MΩ), and purged with argon for at least 30 minutes before each OER or 
HER experiment. The cyclic voltammetry (CV) profiles were recorded at a scan rate of 10 mV s−1 from 0 
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to 0.8 V and -0.5 to -2.0 V vs Ag/AgCl for OER and HER, respectively. The rotating disk electrode was 
continuously rotated at 1600 rpm to remove O2 /H2 bubbles evolved at the catalyst surface. 
Chronopotentiometry (CP) was carried out at a constant current density of 10 mA/cm2. CP experiments 
were performed by fabricating a two-electrode cell using two 1 cm2 nickel foam electrodes.8 100 μL of the 
catalyst ink was dropcasted on each electrode at 20 μL increment to obtain a total mass loading of ~ 1 
mg/cm2. The electrodes were then dried in air overnight. The Ni foam electrodes connected with gold wire 
and lead connections were separated by a glass fiber filter paper to prevent short-circuiting and crossover 
and clipped together.  
 
Density functional theory methods. The ab initio calculations were performed within the density 
functional theory (DFT) at the level of the spin polarized generalized gradient approximation (SGGA) and 
the Perdew-Burke-Ernzerhof (PBE)19 level of approximation augmented by including Hubbard-U 
corrections20 based on Dudarev's approach,21 as implemented in the Vienna Ab-initio Simulation Package 
(VASP).22-24 The projected augmented wave (PAW) potential 23, 24 was used to describe the core electrons. 
The Hubbard-U parameter was applied as a many-body correction to overcome the underestimation of 
electronic correlation due to the approximate nature of the exchange-correlation functionals in the 
traditional single particle Kohn-Sham DFT. It partially corrects the electronic self-interaction error inherent 
in DFT and leads to better gap estimations. Hubbard parameters were used only for the d-orbitals of the 
transition metal (TM) atoms. After testing a range of U values, U(d,TM) =3  eV was selected for Co, Mo 
and Fe. This value is very close to other DFT/SGGA + U studies reported on similar systems.25-31 We note 
that the use of DFT/SGGA+U has been shown to work very well for ternary  alloys of the type ABO3 by 
producing correct total energies and band gap values.32  
The ABO3 perovskite-type BaSrCoMoO6 and Ba0.5Sr0.5Co0.8Fe0.2O3-δ  (δ = 0.4) systems were simulated by 
supercells periodically repeated along the x, y and z-directions. The supercells for BaSrCoMoO6 were 
obtained by extending a BaSrCoMoO6 unit cell with Fm-3m symmetry. Supercells of several sizes were 
considered. Positions of Ba and Sr atoms were randomly selected, while ordering was maintained for the 
Co and Mo atoms, consistent with the experimentally determined structure. Among various supercells 
considered with 20, 40, or 80 atoms, a 40 atom supercell with P4222 symmetry was found to have the 
optimal energetics (lowest energy per atom). Similarly, for Ba0.5Sr0.5Co0.8Fe0.2O3-δ, different sizes of 
supercells with 46 and 92 atoms were considered. They were obtained by extending the BaCoO3 unit cell 
with Pm-3m symmetry. In each of the supercells, the placing of Ba and Sr atoms were random. This was 
also the case for Co and Fe atoms, consistent with the experimentally determined structure. The oxygen 
vacancy sites were also chosen randomly.  A 92 atom supercell with P1 symmetry was found to have the 
optimal energetics. A Monkhorst- Pack 4x4x4 k-point mesh was used in all calculations.33 All structures 
were subjected to full symmetry unconstrained geometric relaxation of all atom positions and cell 
parameters.  We note that the relaxation of the cell volume is extremely critical for an accurate estimation 
of the ground state. The lowest energy structures obtained in the two cases were used in the calculation of 
band structures and densities of states (DOS).    
 
 

3. Results and Discussion  

3.1. Structural Characterization. Both BaSrCoMoO6 and BSCF belong to the perovskite family, 

represented by the general formula ABO3 (A = Ba/Sr,  B = Co/Mo or Co/Fe). Both oxides have 

cubic structures, but with different space groups, Fm-3m23-25 for BaSrCoMoO6 and Pm-3m17 for 
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BSCF. As we have previously described,14 the structure of BaSrCoMoO6, consists of six-

coordinated Co2+ and Mo6+ ions, which are ordered in the material lattice (Figure 1a). 

 
Figure 1. (a) Crystal structure of Ba0.5Sr0.5Co0.5Mo0.5O3 (BaSrCoMoO6). Note the ordering of Co and Mo. 
(b) Crystal structure of Ba0.5Sr0.5Co0.8Fe0.2O3–δ. 
 
 
Table 1: The refined structural parameters of BaSrCoMoO6 using powder X-ray diffraction data. Space 
group: Fm-3m (#225) a = 7.9913(1) Å, Rp = 0.0396, wRp = 0.0549, χ2 = 2.92%. 

Element x y z Occupancy Uiso Multiplicity 
Ba1/Sr1 0.25 0.25 0.25 0.5 0.017(6) 8 

Co1 0.5 0.5 0.5 1 0.013(2) 4 
Mo1 0 0 0 1 0.014(1) 4 
O1 0.2428(7)    0 0 1 0.014(2) 24 

 
 
Table 2: The refined structural parameters of Ba0.5Sr0.5Co0.8Fe0.2O3- δ (BSCF) using powder X-ray 
diffraction data. Space group: Pm-3m (#221) a = 3.99413(24) Å, Rp = 0.0175, wRp = 0.0260, χ2 = 1.45%. 

Element x y z Occupancy Uiso Multiplicity 
Ba1/Sr1 0.5 0.5 0.5 0.5/0.5 0.0210(5) 1 
Co1/Fe1 0 0 0 0.8/0.2 0.0300(7) 1 

O1 0.5    0 0 1 0.071(2) 3 

 
On the other hand, BSCF does not have such ordering pattern and both Fe and Co share the same 

crystallographic site (Figure 1b).17 Figures 2 shows the Rietveld refinement profiles, and Tables 1 

and 2 list the refined structural parameters of these materials. Scanning electron microscopy (SEM) 

data show larger grain size for BaSrCoMoO6 compared to BSCF, as demonstrated in Figures 3. 
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Figure 2. Rietveld refinement profiles using powder X-ray diffraction data. Black crosses, magenta solid 
curve, olive vertical tick marks, and the lower blue curve correspond to the experimental data, the calculated 
pattern for the cubic models, the Bragg peak positions, and the difference plot, respectively.  
 
 
 
In addition, the transmission electron microscopy (TEM) mapping for both compounds show a 

uniform distribution of metals, as demonstrated in Figures 4 and 5. The X-ray photoelectron 

spectroscopy (XPS) data for BaSrCoMoO6 indicate Co2+ and Mo6+ (Figure 6), consistent with our 

previous study.14 For BSCF, the oxidation states of transition metals have been previously reported 

based on XPS and EELS. 34, 35 Our XPS data (Figure 7) are similar to those reported previously.34 

In that work, the oxidation state of cobalt was assigned to be primarily +3, based on the binding 

energy of the cobalt peak, which is similar to our observation. However, another study based on 

electron energy-loss spectroscopy (EELS) concluded that in addition to trivalent, there is also some 

divalent cobalt in BSCF.35 Regarding the iron oxidation state, the low concentration of iron in this 

compound leads to a broad XPS spectrum both in our data and in the data reported by others,34 

where the presence of mostly Fe3+ and some Fe4+ was suggested.34 
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Figure 3. Scanning electron microscopy images of both materials. The insets on the left panel show the 
histograms and Gaussian fit analysis for the average diameter of crystallites.  
 
 

 
Figure 4. Transmission electron microscopy elemental map for BaSrCoMoO6. 



8 
 

 
Figure 5. Transmission electron microscopy elemental map for BSCF. 

 
 

 
Figure 6. X-ray photoelectron spectroscopy spectra for BaSrCoMoO6: (a) cobalt and (b) molybdenum.  
 

 
Figure 7. X-ray photoelectron spectroscopy data for BSCF, showing the spectra for (a) cobalt and (b) iron. 
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3.2. Enhancement of Electrocatalytic Properties for HER 

The variations in composition and structure have a significant impact on HER and OER activities. 

As shown in Figures 8a, HER experiments in 1 M KOH show the enhanced electrocatalytic 

performance of BaSrCoMoO6 over BSCF.  

 

 
Figure 8. (a) HER polarization curves in 1 M KOH. The inset shows the chronopotentiometry data 
of BaSrCoMoO6 at a current density of 10 mA/cm2. (b) The Tafel plot showing Tafel slopes. (c) 
The Nyquist plot recorded in the HER potential region, −0.5 V vs the RHE, indicating lower charge 
transfer resistance for BaSrCoMoO6. Inset shows the equivalent circuit model that represents the 
fit (green curve) to the EIS data. 
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The overpotential (10) values required to deliver a current density of 10 mA/cm2 are 325 

mV and 470 mV, respectively. The current density of 10mA/cm2 is typically adopted as a reference 

in such studies, as desired for 10% solar-to-fuel conversion efficiency.7 The observed overpotential 

for BSCF is close to that of a previous report, 10 = 430 mV.7 The overpotential of  BaSrCoMoO6 

is significantly lower than that of BSCF. It is also lower than the values reported for some other 

highly active perovskite-based electrocatalysts such as Ba0.95Co0.4Fe0.4Zr0.1Y0.1O3−δ (10 = 360 

mV)7 and SrCo0.7Fe0.25Mo0.05O3-δ (10 = 378 mV).36 In addition, BaSrCoMoO6 is very stable, as 

evident from the nearly constant chronopotentiometry response, shown in the inset of Figure 8a.  

To examine the kinetics of the reaction, the Tafel equation,  = a + b log j, was used where 

η is the overpotential, and j is the current density. The Tafel slope, i.e., the slope of η versus log j, 

indicates the kinetics of the reaction.37, 38 Tafel plot is influenced by the conductivity and mass 

transport of the catalyst.39-41 In general, a smaller Tafel slope indicates a faster reaction. As shown 

in Figure 8b, BaSrCoMoO6 shows a smaller value of Tafel slope, 142 mV/dec, compared to BSCF, 

174 mV/dec, indicating the faster electron transfer in BaSrCoMoO6 during the HER. This catalyst 

also shows smaller charge transfer resistance8 in the HER region (-0.5 V vs RHE), as evident from 

the lower real axis intercept of the semi-circle in Nyquist plot as compared to BSCF (Figure 8c). 

 

3.3. Enhancement of Electrocatalytic Properties for OER 

BaSrCoMoO6 also shows an enhanced performance for OER electrocatalysis compared with 

BSCF.4, 42, 43 As shown in Figure 9a, the overpotential (10) at 10 mA/cm2 is 400 mV for 

BaSrCoMoO6, as compared to that of BSCF, 500 mV, in 0.1 M KOH. The overpotential for BSCF 

is in line with previous reports.4, 42, 43 We note that the OER activity of BaSrCoMoO6 is comparable 

to that of the precious metal catalyst, RuO2 (10 = 420 mV).13, 44 
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The kinetics of the OER for BaSrCoMoO6 is faster than that of BSCF, as evident from the 

Tafel plots37, 38, 45 shown in Figure 9b, giving Tafel slopes of 93 mV/dec for BaSrCoMoO6, as 

compared to 81 mV/dec for BSCF. The lower Tafel slope value for the former is indicative of 

faster reaction, consistent with its greater OER activity. In addition, the charge transfer resistance 

in the OER region (1.7 V vs RHE) is smaller for BaSrCoMoO6 than BSCF (Figure 9c), which 

indicates an enhanced charge transfer for BaSrCoMoO6, consistent with its superior catalytic 

activity. This catalyst is also very stable, as evident from the stable chronopotentiometry response 

in OER conditions, shown in the inset of Figure 9a. 

 
Figure 9. (a) OER polarization curves in 0.1 M KOH. The inset shows the chronopotentiometry data for 
BaSrCoMoO6 at a current density of 10 mA/cm2. (b) The Tafel plot showing Tafel slopes. (c) The Nyquist 
plot recorded in the OER potential region, 1.7 V vs the RHE, indicating lower charge transfer resistance 
for BaSrCoMoO6. Inset shows the equivalent circuit model that represents the fit (green curve) to 
the EIS data. 
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Another important advantage of BaSrCoMoO6 is that it can be used in bulk without the 

need for nanofabrication or composite formation. Even the addition of carbon black, which is 

routinely added in OER or HER studies, is not needed. Carbon black is often mixed with the 

catalyst to enhance the change transfer.46-48 The electrocatalytic experiments for BaSrCoMoO6 

with or without carbon black lead to similar overpotentials (Figure 10). This indicates the 

outstanding intrinsic catalytic activity of BaSrCoMoO6. On the other hand, for BSCF, the absence 

of carbon black leads to low catalytic performance, where the current response does not even reach 

10 mA/cm2, as shown in Figure 10. 

 
Figure 10. Representative polarization curve showing the OER activity without the addition of 
carbon black for BaSrCoMoO6 and BSCF.  

 

Importantly, BaSrCoMoO6 retains its structural integrity, as evident from X-ray diffraction 

data before and after 1000 cycles of OER and HER. As shown in Figure 11, the X-ray diffraction 

pattern remains unchanged, indicating the catalyst structure is intact.  
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Figure 11. X-ray diffraction data before and after 1000 cycles of OER and HER. 

 

 

3.4. Density Functional Theory (DFT) Calculations 

Further insight into the properties of these materials is obtained using density functional theory 

(DFT) calculations. These calculations (Figure 12) indicate that, for BaSrCoMoO6, the center of 

the Co d-band is considerably closer to the Femi level, compared to that of BSCF. This is important 

because cobalt in BSCF is considered the active site,2 and its electronic configuration is thought 

to be responsible for the high electrocatalytic activity of BSCF.2 Therefore, the shift in the Co d-

band center can have a direct impact on the electrocatalytic performance.  
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Figure 12. Density of States (DOS) from DFT calculations for (a) BSCF, and (b) BaSrCoMoO6. 
 

It has been previously proposed49, 50 that the proximity of the d-band center to the Fermi 

level is correlated with the electrocatalytic activity due to the improved bonding with the 

adsorbates during the reaction.49, 50 The average center of the Co d-band (from both spin up and 

spin down) for BSCF is -3.796 eV, as compared to that of BaSrCoMoO6, -1.852 eV, indicating a 

significant shift toward the Fermi level. The average center of the Mo d-band in BaSrCoMoO6 is 

-5.204 eV, while that of the Fe d-band for BSCF is -4.193 eV. The difference in the d-band centers 

of Mo and Fe is expected. However, the magnitude of this difference is about half the difference 

between the centers of Co d-bands of the two materials. The enhanced electrocatalytic performance 

of BaSrCoMoO6 is consistent with the considerable shift of the Co d-band closer to the Fermi level 

compared to that of BSCF.  
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Conclusions. In summary, we have demonstrated the importance of compositional modification 

and structural order in the design of highly active oxide electrocatalysts. The new catalyst, 

BaSrCoMoO6 shows significantly greater electrocatalytic activity compared to the well-known 

catalyst Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF). Both OER and HER processes are catalyzed more 

effectively using BaSrCoMoO6, which also has an additional advantage, namely its ability to act 

as an efficient electrocatalyst without the need for nanofabrication, composite formation, or any 

additives.  
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